Introduction
Plant mitochondria encode approximately 60 genes whose expression is essential for the function of these organelles, and thus for plant cell viability (Hammani and Giegé 2014; Kubo and Newton 2008) . Mitochondrial genes are transcribed into precursor RNAs that go through several processing steps to obtain their mature forms. These processes include the site-specific conversion of cytidines to uridines, called RNA editing, the removal of group II introns and the maturation of 5′ and 3′ ends. Fundamental to all of these processes is the highly specific interaction of the proteinaceous processing machinery with the target RNAs Hammani and Giegé 2014) . Pentatricopeptide repeat (PPR) proteins play a crucial role in the RNA metabolism in plant mitochondria (Barkan and Small 2014; Schmitz-Linneweber and Small 2008) . These proteins are characterized by tandem arrays of repeated motifs, which according to slight variations of their lengths and sequences can be classified into ten distinct variants, which group into two major classes (Cheng et al. 2016) . Sequence-specific binding of PPR proteins to their target sites depends on the specific interaction of certain amino acids within each repeat with the aligned nucleotide, in a relationship that can be described by a simple one repeat to one nucleotide code. Positions 5 and 35 (using the numbering of the canonical P motif) are the primary determinants of specificity since the amino acids at these positions can form specific hydrogen bonds with the aligned nucleotide bases. (Barkan et al. 2012; Cheng et al. 2016; Fujii et al. 2011; Shen et al. 2016; Takenaka et al. 2013; Yagi et al. 2013a ). The amino acid side chain at position 2 intercalates between the aromatic rings of the bases (Shen et al. 2016; Yin et al. 2013 ) and may also influence specificity (Fujii et al. 2011; Yagi et al. 2013a) . Thus, the sequence-specific interaction between a 1 3 PPR protein and its cognate binding site seems to depend on relatively few amino acids.
As mentioned before, PPR proteins can be divided into two classes (Lurin et al. 2004 ). PLS-class proteins contain variations of P, L and S motifs and specific C-terminal E and/or DYW motifs. This class of proteins is predominantly involved in RNA editing, where they specify the cytidines to be modified (Chateigner-Boutin and Small 2010; Takenaka et al. 2014; Yagi et al. 2013b ). There is increasing evidence that the DYW domain contains a cytidinedeaminase-like active site (Boussardon et al. 2014; Hayes et al. 2013 Hayes et al. , 2015 , extending the function of these proteins beyond passive sequence-specific interaction with the target RNA.
P-class PPR proteins are mainly composed of canonical P motifs and do not have extra domains apart from a small group of proteins containing C-terminal small MutSrelated (SMR) domains ). P-class PPR proteins including PPR-SMR are involved in splicing, translation and the post-transcriptional maturation of 5′ and 3′ ends of RNAs both in chloroplasts and mitochondria (Barkan and Small 2014; Binder et al. 2013; Haïli et al. 2016; Wu et al. 2016; Zoschke et al. 2016) . The exact function of most of these proteins in these processes in mitochondria is largely unknown. A reasonable function seems to be evident for the MITOCHONDRIAL STABILITY FACTOR 1 supposed to block progression of 3′ exonucleolytic degradation thereby defining the mature 3′ terminus of the nad4 transcript. This potential mode of processing is similar to the general exonuclease-dependent 3′ maturation mechanism observed in chloroplasts (Haïli et al. 2013) . In the latter organelles, 5′ processing of RNAs follows an analogous mechanism by PPR proteins building barriers to 5′ exonucleolytic degradation, which determines the 5′ termini (Pfalz et al. 2009 ). In contrast to plastids, 5′ processing of transcripts in plant mitochondria seems to follow a different mode of action. Though many features are still unclear, there is indirect evidence that P-class PPR proteins involved in this process bind to the 5′ leader sequences upstream of the mature 5′ ends of the transcripts Hauler et al. 2013; Stoll et al. 2015) . These so-called RNA processing factors (RPFs) are suggested to recruit a 5′ processing machinery to the cleavage site. The identity of any additional proteins and the exact mode of cleavage are still unknown, although two potential mitochondrial nucleases have been described recently and proteinaceous RNase P (PRORP) has been found to cleave orf291 RNA targeted by RFL2 (Fujii et al. 2016; Stoll and Binder 2016) . In addition, the functional importance of the frequently observed 5′ processing events is still mysterious.
To obtain a clearer view of post-transcriptional 5′ processing of plant mitochondrial transcripts, we have analyzed a previously observed 5′ end polymorphism of ccmB mRNAs in Arabidopsis thaliana (Forner et al. 2008) . Using a linkage analysis and complementation assays, we identified RNA PROCESSING FACTOR 4 (RPF4-Ler), a P-class PPR protein encoded by At1g62910, as required for the formation of several 5′ ends approximately 200-231 nucleotides upstream of the ccmB open reading frame in accession Landsberg erecta (Ler). These transcript termini are detected in several other accessions but are absent in Columbia (Col) and most other ecotypes, demonstrating that the RPF4 alleles encoded in Col and the other lines do not support the generation of these additional termini. In order to identify the region essential for the function of RPF4-Ler in ccmB processing, we analyzed the potential of several chimeric proteins composed of different parts of RPF4-Ler and RPF4-Col to support the generation of ccmB transcripts with 5′ ends around positions −200 and −231 in accession Col.
Results

Additional 5′ termini of ccmB transcripts are formed in various Arabidopsis ecotypes
In a previous study of mitochondrial transcripts in different Arabidopsis thaliana (Arabidopsis) accessions, we have identified polymorphic 5′ termini of ccmB mRNAs (Forner et al. 2008 ). In the accession Columbia (Col), the major 5′ ends were mapped to positions around −140 and −347/6 (Fig. 1a) indicated by circularized RNA RT-PCR (CR-RT-PCR) products of 260 and 470 bp (Fig. 1b , products 5 and 1, Supplementary Fig. S1 ). In Landsberg erecta (Ler) and other accessions, two additional 5′ termini around −200 and −231 were identified (Fig. 1a) (Forner et al. 2008; Stoll et al. 2012) . In a CR-RT-PCR analysis, the latter 5′ ends were represented by products of approximately 310 and 340 bp (Fig. 1b, products 4 and 3) . A primer extension analysis of ccmB mRNAs from Col and Ler confirmed the previously determined ends (Fig. 1c, lanes b , signals 5 (≈400 nt) and 7 (≈190 nt), corresponding to 5′ ends at −347/6 and −140). This primer extension experiment also resolved at least four extra ends in Ler, two of which correspond to the 5′ termini around −200 and −231 (Fig. 1c , Ler, lane b, signals 6i (≈290 nt) and 6iii (≈260 nt)). In addition, several larger extension products indicated further upstream located 5′ ends, which were not detected by the CR-RT-PCR analysis shown in Fig. 1b . Transcripts with these ends partially accumulated to different amounts in Col and Ler, respectively (Fig. 1c, lanes b, signals 2-4) . A primer extension analysis of RNAs treated with Terminator exonuclease (TEx) revealed that the extra 5′ ends at −200 and −231 in Ler did not originate from transcription initiation suggesting that they are generated by post-transcriptional processes. In Col, transcripts starting further upstream are enriched after TEx digestion indicating that the 5′ ends of these RNAs derived from transcript initiation (Fig. 1c, lanes a, signals 1-3 ). An investigation of the parental accessions and the corresponding reciprocal F 1 hybrids confirmed the biparental, i.e. nuclear inheritance of the Ler ccmB phenotype, which appeared to be dominant (Fig. 1b) .
Mapping of the RPF4 locus
To map the gene required for the generation of the additional 5′ termini around positions −200 and −231 of the ccmB transcripts in Ler, we used an F 2 mapping population that was previously established for the identification of the RPF1 gene (Hölzle et al. 2011) . From 198 F 2 plants analyzed, 50 showed the Col-type ccmB mRNA, confirming the Ler-type ccmB transcript (found in 148 individuals) to be dominant (Supplementary Table S1 ). The 1:3 ratio between these transcript phenotypes strongly suggested a single nuclear gene to be responsible for the polymorphic ccmB RNAs. We called this gene RNA PROCESSING FACTOR 4 (RPF4) .
A linkage analysis with markers covering all chromosomes localized the RPF4 locus on the lower arm of chromosome 1 (Supplementary Fig. S2 ). The examination of further markers delimited the region containing the RPF4 gene to a 0.55 Mbp interval between markers CER 429086 and CER 428577 ( Supplementary Fig. S3 ). For additional fine mapping, we used several recombinant inbred lines (RILs) that have been characterized previously (Lister and Dean 1993) . The genotypes of these RILs suggested them to contain recombinations within the identified genomic region. Phenotyping of the ccmB transcripts and further high-resolution mapping using three independent lines (N1929, N1962 and N1997) localized the RPF4 gene to a region spanning 80 kbp between markers CER 429086 and CER 472531 (Supplementary Fig. S4 ). This region contains 28 annotated genes (TAIR10) between At1g62780 and At1g62981, including three genes and a pseudogene encoding pentatricopeptide repeat (PPR) proteins. Since PPR proteins were shown to be involved in 5′ processing of other mitochondrial transcripts (Arnal et al. 2014; Binder et al. 2013; Hauler et al. 2013; Hölzle et al. 2011; Jonietz et al. 2010 Jonietz et al. , 2011 Stoll et al. 2014 Stoll et al. , 2015 , At1g62910, At1g62914 and At1g62930 were considered to be the best candidates to encode the RPF4 gene. At1g62860 was excluded from further analysis since it was suggested to encode a pseudogene (Lurin et al. 2004 ). The image has been assembled to remove spaces and to change the order of the lanes, but all image parts derive from the same X-ray film. The oligonucleotide used for initiation of cDNA synthesis is given below the image. Sizes of relevant products are given in the text. Sizes of DNA marker fragments are given in nucleotides (nt)
In Arabidopsis accession Landsberg erecta RPF4 is encoded by At1g62910
The (Fig. 2b , transcripts 1 and 3). These mRNAs were also found in Ler and En-1, however, in these accessions and in a Col plant containing the Ler allele of At1g62910, additional transcripts of approximately 950 nucleotides were seen (Fig. 2b , transcript 2). Taken together, both the results of the CR-RT-PCR and of the northern analysis demonstrated that the generation of ccmB transcripts with 5′ termini between −200 and −231 depends on the function of the Ler allele of At1g62910. This data unambiguously showed that this gene in Ler encodes RPF4. To discriminate it from the previously identified At1g62910 allele from Col, which encodes RESTORER OF FERTILITY-LIKE PROTEIN 9 (RFL9) involved in the generation of a 5′ truncated rps3-rpl16 dicistronic mRNA and in processing of orf240a transcripts (Arnal et al. 2014) , we designate this gene RPF4-Ler.
Multiple differences between At1g62910 alleles
To identify the region responsible for the function of an At1g62910 allele as RPF4-Ler, we compared the sequence of this gene from various accessions using the genome browser web-tool http://signal.salk.edu/atg1001. However, the numerous gaps or differences in the amino acid sequences in the corresponding sequences did not correlate with the distinct functions of the alleles. Therefore we sequenced the At1g62910 alleles in various ecotypes with the Ler-(En-1, Got-7, and Br-0) or Col-type (Ws, Tsu-1, Shakdara, Sorbo) ccmB mRNA phenotype (Supplementary Fig. S1 ). A comparison of the amino acid sequences deduced from the distinct At1g62910 alleles did not reveal positions where amino acid identities are consistently different between the Ler-and Col-type RPF4 alleles (Supplementary Fig. S5 ). Only the potential mitochondrial targeting sequence and the N-terminal half of the first PPR motif showed substantial variability whereas the sequences in motifs 8-16 are highly conserved. This includes also almost all of the amino acid residues at positions 5 and 35 suggested to be crucial for the interaction with specific nucleotide identities (Barkan et al. 2012; Cheng et al. 2016) .
We also investigated the 5′ ends of the rps3-rpl16 dicistronic RNAs in most of the above mentioned accessions. The rps3 reading frame internal 5′ termini at positions +17/+15 were detected in Col and Sha but not in Ler and the other ecotypes. In Sha only a very weak 200 product representing these ends was observed ( Supplementary Fig.  S6 ).
To get further information about amino acid positions of the RPF4-Ler protein relevant for the function in ccmB processing, we identified a potential binding site of the RPF4-Ler protein on the ccmB precursor transcript. Following the rules of the amino acid/nucleotide code for the interaction of PPR proteins with the RNA targets, a putative binding site was predicted between nucleotide position −267 and −252 relative to the translation start codon (NATG, N = −1, Fig. 1a) . The potential binding upstream of the processing sites at −200 and −231 is consistent with predictions of recognition sites for other RPFs, which were all found 5′ to the cleavage sites ) and with indirect evidence from the analysis of the RNA recognition sites of RPF3 and RPF6 (Stoll et al. 2015) . The putative interaction of RPF4-Ler did not involve the first PPR motif but indicated a perfect match between the relevant amino acids of the other repeats and the corresponding nucleotide identities (Fig. 3a) . When the 5 and 35 positions of the At1g62910 protein from Col (At1g62910-Col) were aligned with the predicted RNA binding site, four positions did not match with the suggested rules. Three of these mismatches were seen between the N-terminal half of the protein and the binding site, whereas the C-terminal repeats 12-16 showed a nearly perfect match, as did the same part of the protein from Ler. We also identified the putative binding site on the rps3-rpl16 mRNA located between positions −30 and −15 upstream of the translation start codon. The prediction indicated binding of RPF4-Col to fit much better to the one repeat to one nucleotide code than RPF4-Ler (Supplementary Fig. S6 ). To experimentally identify regions crucial for the specific function of RPF4-Ler in ccmB mRNA 5′ end formation, a number of chimeric RPF4 genes was generated by combining different parts of the alleles from Col (RPF4-Col, nonfunctional in terms of ccmB processing) and Ler (RPF4-Ler, functional in terms of ccmB processing) (Fig. 3a, b) . After their stable introduction into Col plants, RT-PCR analyses confirmed transcription of the transgenes (Supplementary Fig. S7 ). Subsequently, the ability of these chimeric genes to support ccmB processing identical to Ler wild type was investigated by CR-RT-PCR analysis in the corresponding transformants (Fig. 3c) . Consistent with the high similarity between Ler-and Col-type amino acid sequences in the C-terminal part of At1g62910, the exchange of the corresponding region downstream of repeat 11 from Ler by the one from Col still allowed the chimeric protein to support Ler-type ccmB processing (Fig. 3b, c , RPF4-c1). However, exchanges of sequences downstream of repeat 9 led to a failure to support Ler-type ccmB processing (Fig. 3b , c, RPF4-c4 and RPF4-c6).
N-terminal repeats
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We also exchanged sequences encoding just the N-terminal part of the At1g62910 protein. When regions upstream of position 5 of repeats 4 and 3, respectively, were changed from Ler to Col the corresponding chimeric protein (containing Ler sequence downstream of repeats 3 and 4, respectively) did not support Ler-type ccmB mRNA processing in Col (Fig. 3b , c, RPF4-c2 and RPF4-c7). Thus, the N-terminal part is crucial for Ler-type ccmB processing, consistent with the much better match to the RNA sequence of the protein part from Ler in comparison to that from Col. Finally, we exchanged regions in the central part of the protein by replacing the Ler sequence between repeat 4 and repeat 9 by the corresponding sequence derived from Col. As for almost all the composite RPF4 proteins, this chimeric protein was also incapable of supporting the Lertype processing of ccmB transcripts (Fig. 3b, c, RPF4-c8 ).
Collectively these data revealed that parts upstream of PPR motif 12 contain sequence information required for the generation of the extra 5′ ends of ccmB mRNA typically observed in Ler. Further CR-RT-PCR analyses excluding the −140 terminus, the −200 and −231 5′ ends and the −346 5′ extremities did not reveal any influence of the chimeric RPF4 genes on other ccmB 5′ termini suggesting that RPF4-Ler is specifically required for the generation of the Ler-type −200 to −231 5′ ends (Supplementary Fig. S8 ).
Discussion
RNA PROCESSING FACTOR 4-Ler (RPF4-Ler) is encoded by At1g62910
In Arabidopsis thaliana several RESTORER of FERTIL-ITY (RF)-like PPR proteins have been found to be involved in 5′ processing of mitochondrial transcripts. The majority of the RF-like PPR proteins, including At1g62910, are encoded in a gene cluster on the lower arm of chromosome 1. Two compelling lines of evidence unambiguously show At1g62910 to encode RPF4-Ler. First, the linkage analysis using a Col x Ler F 2 mapping population of 50 plants and several lines from a previously established and characterized recombinant inbred line connected the formation of the Ler-type ccmB 5′ processing to a genomic region encoding three genes for PPR proteins including At1g62910 (Supplementary Figs. S2-S4) (Lister and Dean 1993) . Second, when transformed into Col plants At1g62910 supports the generation of the Ler-type ccmB 5′ processing pattern while the other PPR genes did not (Fig. 2) . Thus in Ler, the formation of the ccmB 5′ ends located between positions −200 and −231 is linked to a distinct allele of At1g62910 encoding one of the fast-evolving P-class PPR proteins with high similarity to RF proteins (Desloire et al. 2003; Fujii et al. 2011) . Interestingly, the protein encoded by At1g62910, called RFL9, has previously been identified to be involved in cleavage of rps3-rpl16 and orf240a transcripts in a small subset of ecotypes including Col. In both transcripts, cleavage occurs within the reading frames discriminating these events from classical 5′ processing in regions upstream of the reading frames (Arnal et al. 2014) .
Proteins encoded by At1g62910 have distinct ecotype-specific functions
The complementation assay identified the RPF4-Ler allele to be competent in the formation of the Ler-specific ccmB 5′ termini, whereas the allele of the same gene from Col (RPF4-Col) does not support this processing event provoking the question how the functional diversification is established. The comparison of several functional and non-functional alleles of RPF4 from other accessions did not reveal a clear link between distinct amino acid identities and the function of an allele as RPF4 (Supplementary Fig. S5 ). Thus it is possible that in the non-functional RPF4 alleles, amino acid identities at several positions are incompatible with the function in ccmB processing. This is different to the observation made during the analysis of RFL9. RFL9 alleles show activity towards rps3-rpl16 and orf240a transcripts only in Col and closely related accessions. In Pr-0, Mz-0b, Or-0 and El-0, rps3-rpl16 and orf240a transcripts are unaffected although they encode RFL9 alleles similar to Col and other ecotypes, in which rps3-rpl16 transcripts were processed. When the processing phenotypes were correlated with the RFL9 sequences, the processing deficiency of the RFL9 alleles in the four accessions could be linked to the exchange of an aspartate residue by serine at position 1 in the fourth repeat (Arnal et al. 2014 ), now position 35 in repeat 3 according to the new definition (Cheng et al. 2016) . Interestingly, the CR-RT-PCR analysis of Sha revealed a weak product indicating rps3-rpl16 mRNA processing although this ecotype contains a serine at this position. Unlike the group of accessions with intact RFL9 alleles, accessions with RPF4 alleles functional in ccmB processing group into different ecotype clusters which exhibit larger genetic diversity (Simon et al. 2012 ). This observation might explain the difficulties to correlate certain amino acid identities with the function of RPF4-Ler in ccmB processing.
Collectively, our data and the previous study confirm the fast evolving nature of the RPF4/RFL9 gene creating ecotype-specific gene functions. In addition, our data support the previously considered possibility that the functional diversification of RPF4/RFL9 alleles is fixed by genetic drift since both functions of RPF4/RFL9 alleles seem to be of rather limited biological significance. The sequence variation leads to new binding specificities towards different RNA species indicating a better fit of RPF4-Ler to the ccmB binding sites than RPF4-Col (Fig. 3a) . In turn, the RPF4 protein encoded by the allele in Col exhibits a better match to the predicted binding site on the rps3-rpl16 mRNA ( Supplementary Fig. S6 ).
The C-terminal PPR motifs do not contribute to functional differences
To identify the repeats contributing to the functional specification of the RPF4-Ler allele, we tested the ability of several chimeric genes assembled from different parts of the functional RPF4-Ler and the non-functional RPF4-Col for their ability to support Ler-type-specific generation of ccmB 5′ ends in Col. The transcripts of the chimeric genes accumulated to comparable levels, suggesting that expression was functionally sufficient as shown by the test with construct RPF4-c1 ( Supplementary Fig. S7 and Fig. 3 ). Complementation assays with the chimeric gene containing repeats 1-11 from Ler and 12-16 from Col showed 5′ processing identical to the Ler wild-type allele demonstrating that repeats 12-16 do not contribute to the specific function of RPF4-Ler in ccmB processing (Fig. 3a, b, RPF4-c1 ). This is consistent with the predicted nearly perfect match of this part of both RPF4-Ler and its counterpart from Col with the ccmB binding site (Fig. 3a) . Replacement of any other part of the RPF4-Ler protein with the corresponding region from RPF4-Col abolished the activity of the chimeric proteins on the ccmB transcript (Fig. 3b, c, RPF4 . These results are also in agreement with binding predictions as all of the non-functional chimeras exhibit mismatches to the RNA sequence. By successively exchanging the C-terminal, central and N-terminal segments of the protein we showed that PPR motifs throughout the protein might interact specifically with the RNA, in contrast to previous suggestions that the N-and C-terminal motifs and not the central motifs are essential for the specific binding of maize PPR10 and other P-class PPR proteins (Barkan et al. 2012; Yin et al. 2013) .
A single factor provokes the generation of four additional 5′ ends
RPFs have been linked to the generation of 5′ ends of one, two or three different transcripts. For a given transcript, an RPF was required for the formation of only a single 5′ terminus, sometimes scattering over a few nucleotides, except for RPF2, which seems to affect two different 5′ termini of the cox3 transcripts Jonietz et al. 2010 ). Now we found that RPF4-Ler is involved in the generation of four additional 5′ ends around −200 and −231 (Fig. 1c) . This observation raises the question of how a single factor provokes the generation of several different 5′ termini. Considering the distinct signals seen in the primer extension analysis, it seems to be rather unlikely that the different ends are generated exonucleolytically from the largest additional Ler-type specific ccmB transcript. Instead, distinct endonucleolytic cuts seem to be responsible for the generation of the four ends. Also the RPF4-Ler recognition site is unique in the Ler and Col mitochondrial genome sequences rendering binding to alternative sites on the ccmB transcript rather unlikely. We have previously hypothesized that RNA secondary structure might be important for endonucleolytic 5′ processing and therefore we favor the possibility that binding of RPF4-Ler leads to the formation of different higher order structures which undergo endonucleolytic cleavage at different sites. Admittedly, this is a speculative explanation, however, it is in support with the general idea that RNA secondary structures are important for the selection of the cleavage sites for the generation of 5′ transcript termini . This notion is substantiated by the observation that RFL2, another RF-like PPR protein, directs proteinaceous RNase P to cleave orf291 mRNA (Fujii et al. 2016) . Cleavage by this endonuclease requires RNA secondary structures resembling acceptor stems of precursor tRNAs, which could be formed by intramolecular base pairing or in a bimolecular manner (Derksen et al. 2015) . The formation of such structure could be influenced by PPR proteins.
Materials and methods
Nucleic acid analysis
Arabidopsis thaliana plants and cell suspension cultures of accessions Col and Ler were cultivated as described previously (Forner et al. 2007; Köhler et al. 2010) . Extraction of total cellular RNA and mitochondrial RNA, northern blot hybridization, semi-quantitative RT-PCR as well as CR-RT-PCR analysis was done as outlined before (Forner et al. 2007; Köhler et al. 2010 ). The DNA probe used for the northern hybridization was amplified with the primer pair Atccb2NS.H/AtccbNS.R in a standard PCR. Primer extension was done with oligonucleotide Atccb2-1 and 5 μg mitochondrial RNA following standard protocols (Sambrook and Russell 2001) . Rosette leaves of 20-to 30-day old plants were used to prepare total genomic DNA with the DNeasy plant mini kit (Qiagen) or applying a previously established protocol (Edwards et al. 1991) .
Complementation studies and generation of chimeric RPF4 genes
For transformation of the candidate genes into Col, At1g62910, At1g62914 and At1g62930 were amplified with oligonucleotide pairs At1g62910Ler-Kompl.1/At1g62910. Kompl.R2, At1g62915Kompl.H/At1g62915Kompl.R and At1g62930Kompl.H/At1g62930Kompl.R on total DNA from Ler. After digestion with PacI and AscI, the PCR products were cloned into the respective sites in pMDC123 (Curtis and Grossniklaus 2003) . Transformation was done as described (Clough and Bent 1998) and ccmB transcripts were analyzed by CR-RT-PCR analysis in selected transformants as outlined before (Forner et al. 2007) .
Chimeric RPF4 genes were obtained by an overlap PCR strategy. The 5′ and 3′ parts were separately amplified by the following oligonucleotide pairs on total DNA from Col and Ler: RPF4-c1 (Ler, At1g62910.Ler.kompl.1/ At1g62910Ler.Teil1.1; Col, At1g62910.Teil2/At1g62910-kompl.R2), RPF4-c2 (Col, At1g62910-kompl.H/At1g-62910Col.Teil1; Ler, At1g62910Ler.Teil2/At1g62910-kompl.R2), RPF4-c4 (Ler, At1g62910.Ler.kompl.1/ At1g62910Konstrukt4.Ler; Col, At1g62910Konstrukt4. Col/At1g62910-kompl.R2), RPF4-c5 (Ler, At1g62910.Ler. kompl.1/At1g62910Col.Teil1; Col At1g62910Konstrukt5. Col/At1g62910-kompl.R2), RPF4-c6 (Ler, At1g62910. Ler.kompl.1/At1g62910Col.Teil1; Col, At1g62910Ler. Teil2/At1g62910-kompl.R2), RPF4-c7 (Col, at1g62910-kompl.H/At1g62910Konstrukt7.Col; Ler, At1g62910Kon-strukt7.Ler/At1g62910-kompl.R2). RPF4-c8 was generated using DNA from construct RPF4-c6 and total DNA from Ler as template (RPF4-c6, At1g62910Konstrukt4. Ler/At1g62910Ler.kompl.1; Ler, At1g62910Konstrukt4. Col/At1g62910-kompl.R2). PCR products were inspected by agarose gel electrophoresis and recovered from the gel using the GenElute™ Gel Extraction Kit (Sigma-Aldrich). Subsequently the 5′ and 3′ products were joined by overlap PCR with primers At1g62910Ler.kompl.1/At1g62910-kompl.R2 in the case of RPF4-c1, RPF4-c4, RPF4-c6 and RPF4-c8, respectively, or At1g62910kompl.H/At1g62910-kompl.R2 in the case of RPF4-c2 and RPF4-c7. After digestion with PacI and AscI the PCR products were cloned into the respective sites in pMDC123. Finally constructs were checked by DNA sequence analysis.
Sequence analysis
For the sequence analysis of At1g62910 and At1g62914 the genes were amplified using Phusion High Fidelity DNA polymerase (NEB and Thermo Scientific). At1g62910 was amplified using primers cornichon.1/ At1g62910-kompl.R2 on total DNA extracted from Ler, En-1, Shakdara, Sorbo, Tsu-1, Col-0 and Ws or primers At1g62910Ler-kompl.1/At1g62910-kompl.R2 on total DNA extracted from Got-7 and Br-0. At1g62914 was amplified with primers cornichon.1/At1g62915-kompl.R. Sequencing was done by primer walking with oligonucleotides At1g62910Ler.1 (Ler, En-1, Shakdara, Sorbo, Tsu-1, Ws, Got-7, Br-0), At1g62910Ler.2 (Ler, En-1, Shakdara, Sorbo, Tsu-1, Col-0, Ws, Got-7, Br-0), At1g62910Ler.3 (Ler, En-1, Shakdara, Sorbo, Tsu-1, Col-0, Ws, Got-7), At1g62910Ler.4 (Ler, En-1, Shakdara, Sorbo, Tsu-1, Col-0, Ws), At1g62910Ler.6 (Ler, En-1, Shakdara, Sorbo, Tsu-1, Col-0, Ws, Got-7, Br-0), At1g62910Col.Teil1 (Br-0, Got-7), At1g62910Br-0.1 (Br-0), At1g62910Ler.12 (Br-0), At1g62910.Br-0.R1 (Br-0) and At1g62910Ler-kompl.1 (Got-7) (At1g62910) and oligonucleotides At1g62915Ler.1, At1g62915Ler.2 and At1g62915Ler.3 (At1g62914). Sequencing was done commercially (GATC, http://www.gatc-biotech.com/de/ index.html, Seqlab, http://www.seqlab.de).
Linkage analysis
Rough mapping was done with insertion/deletion and SNP markers with 50 plants showing the recessive ccmB Col phenotype. Markers and primers used are listed in Supplementary Tables S2 and S3 . PCRs and digestion with restriction enzymes were done according to standard procedures (Sambrook and Russell 2001) . Previously established Col/Ler recombinant inbred lines N1929, N1949, N1962, N1967, N1971, N1984, N1985 and N1997 were obtained from the European Arabidopsis Stock Centre (Lister and Dean 1993) .
Accession numbers
Sequence data from this article can be found in the EMBL/Genbank data libraries under the accession numbers: LN997834 (RPF4/At1g62910 from Ler), LN997835 (At1g62910 from En-1), LN997836(At1g62910 from Shakdara), LN997837 (At1g62910 from Sorbo), LN997838 (At1g62910 from Ws), LN997839 (At1g62910 from Tsu-1), LT622251 (At1g62910 from Br-0), LT622250 (At1g62910 from Got-7) and LN997840 (At1g62914 from Ler).
